Navigation Tracking with Multiple Baselines
Part |: High-Level Theory and System Concepts

Kar-Ming Cheung Charles Lee
Jet Propulsion Laboratory, California Institute of Technology

March 02-09, 2019

2019 IEEE Aerospace Conference
Big Sky, Montana

© 2019, California Institute of Technology. Government sponsorship acknowledged.

Pre-decisional information, for planning and discussion only




Outline of Talk

MOTIVATIONS OF STUDY

DEEP SPACE “REAL-TIME” POSITIONING USING SIMULTANEOUS BASELINES
> ADOR THEORY FOR THE GENERAL CASE OF N SIMULTANEOUS BASELINES

> IN-DEPTH CONSIDERATION OF THE SPECIAL CASE OF TWO BASELINES, AND INSIGHTS

NEAR-EARTH APPLICATION TO DETECT UNCOOPERATIVE SPACECRAFT AT GEO

» CURRENT BISTATIC AND MULTISTATIC RADAR APPROACH — SUM OF DELAYS

» PROPOSED RELATIVE POSITIONING APPROACH: DIFFERENTIAL RADAR — DIFFERENCE OF DELAY

PREVIEW OF RESULTS FOR PART Il (NOT IN PAPER)

CONCLUSION AND FUTURE WORK
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Motivations of Study

ADOR/SBI uses double-differencing to eliminate systematic biases in measurements

The three DSN sites cover three approximately equally-spaced longitudes to provide
near-continuous coverage of deep space

Spacecraft occasionally see two DSN sites simultaneously, but never three
Currently ADOR and SBI perform measurements on one baseline per pass

Right ascension and declination are estimated using measurements from multiple
passes, and the process is non-real-time

Recent additions of non-DSN deep space antennas and increased cross-support
enable spacecraft seeing two or more baselines simultaneously, e.g. Goldstone,
M ad rid , a nd M a I a rg u e Coverage map for 370000 km altitude, (+/-) 28.5 degrees latitude band, 10 degrees mask
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ADOR/SBI Theory for Multiple Baselines (1)
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ADOR/SBI Theory for Multiple Baselines (2)

« Time Delav of Arrival (TDOA) from reference spacecraft R
cot; = L;cos@; fori=1,2,..,n (1)
« TODA from target spacecraft T
c(ot; + 66t;) = L;cos(8; + A6;)
fori=1,2,..,n (2)
« Angle between target spacecraft and baseline i, denoted by 8; + A9, fori = 1,2,...n

CooE+Ia COR0; ) o 3) €; is a wavefront
[

ur-v, = cos(6; +A46;) = _ .
L; correction factor

« Constraint of unit vector, by definition

ur-ur=1 (4)

e U can be solved using Newton-Raphson Method on (3) and (3)
« Forn = 2, and if a sufficient condition is met, explicit solutions exist
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NtASrA Near-Earth Current Multi-Static Radar Approach — Sum of Ranges

RT +RR == C(Strt +L
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Or
Transmit Baseline = L Receive M. Skolinik, “Radar Handbook”, 3 Edition,
Radar Radar McGraw-Hill, 2008.
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New Near-Earth Multi-static Radar Approach —
Difference of Ranges

« This approach requires a reference R in the vicinity of the target T

« In GEO above N. America, known GEO satellites are separated by 1/10 of a degree,
thus providing many candidates as references to detect uncooperative spacecraft

* For the Moon, the Tycho Crater near the S. Pole is always facing Earth on the near-
side, and has well-known radar signature for radio science calibration
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_. N@A Preview of Performance for Part Il (Not in Paper) (1)
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« Consider the case of 4 ground stations at Goldstone, Alaska, Hawaii, and Malargue
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NKEA Preview of Performance for Part Il (Not in Paper) (2)

e Double-differencing performance at GEO distance

SC @ GEO; Reference-Target Separation = 50 km (16-digit accuracy, non-radial = 0)

108 Number of Receiving DSN Baselines = 6; Number of simulations = 10000;
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NKEA Preview of Performance for Part Il (Not in Paper) (3)

e Double-differencing performance at Lunar distance

SC @ Moon; Reference-Target Separation = 50 km (16-digit accuracy, non-radial = 0)
Number of Receiving DSN Baselines = 6; Number of simulations = 10000;
™ r T T . . T TR p T . T S

108

T 1T T T T

1106947.38

LU IHIIH‘

11069.3268

J

4
10 :
11069328

1 IIJlUIL__LJlUIH] L 111l

T TTTTIT T T TTTI

102

m||

11.

10° g

L1 \l\lHIl

1072

11 IIHHI

-
o
N

107 1072 10" 10° 10"

10

Pre-decisional information, for planning and discussion only



N(AffA Preview of Performance for Part Il (Not in Paper) (4)

e Consider the hypothetical case of 4 ground stations on a Sphere, and investigate
the effect of station separation on accuracy performance

Generic 4 Ground Stations

Pairwise separation

Pairwise separation
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NMA Preview of Performance for Part Il (Not in Paper) (5)

e Double-differencing performance at GEO distance

SC @ GEO; Reference-Target Separation = 50 km (16-digit accuracy, non-radial = 0)
Number of Baselines = 6; Number of simulations = 10000;
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NMA Preview of Performance for Part Il (Not in Paper) (6)

e Double-differencing performance at Lunar distance

SC @ Moon; Reference-Target Separation = 50 km (16-digit accuracy, non-radial = 0)
Number of Baselines = 6; Number of simulations = 10000;
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Conclusion and Future Work

Conclusion

» This paper extends the current approach of ADOR and SBI that uses one baseline at
a time (non-real-time), to simultaneously using multiple baselines (real-time)

» This paper introduces a near-Earth (or near-field) version of ADOR/SBI, and
discusses a number of near-Earth applications

Path Forward

« Perform in-depth simulations to characterize the performances of deep space and
near-Earth scenarios

« For near-Earth, introduce a “single-difference” approach that demonstrates sub-
meter level accuracy at GEO and lunar distances

« Investigate the challenges of radar detection and target identifications at GEO and
lunar distances

» Investigate the use of Kalman filters to improve the robustness and performance

« Investigate other near-Earth applications, e.g. fighter jet dog-fight, submarine cat-
and-mouse, missile defense, multi-GNSS weak GPS at lunar distance, etc.

* Note: patent application pending
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